Introduction
Among the four cultivated Gossypium species, G. hirsutum (upland cotton) accounts for 90%-95% of the total cotton fibre production because of its wide adaptability and attractive fibre quality (Lacape et al., 2009; Park et al., 2005; Percival et al., 1999; Rong et al., 2004) . In conventional breeding procedures, which use sexual hybridization, parents are selected based on their desired phenotypic performance for the target traits; for complex traits such as cotton fibre quality and yield, however, it becomes challenging to further improve one without compromising the other (Cao et al., 2015; Li et al., 2016a; Ning et al., 2014; Qin et al., 2008; Shen et al., 2005; Yu et al., 2013a,b) . Therefore, uncovering the genetic basis of the fibre quality and yield traits in upland cotton is becoming increasingly necessary for the simultaneous improvement of fibre quality and yield in the future (Ning et al., 2014; Sun et al., 2012) .
Sequencing of the genomes of G. raimondii (Paterson et al., 2012; Wang et al., 2012) , G. arboreum (Du et al., 2018; Li et al., 2014) , G. barbadense Yuan et al., 2015) and G. hirsutum (Li et al., 2015a; Wang et al., 2019; Zhang et al., 2015b) has provided new platforms for linkage map-based QTL identification. To explain the genetic basis of cotton fibre quality and yield-related traits, many genetic linkage maps have been constructed, including interspecific maps mainly between G. barbadense and G. hirsutum (Chandnani et al., 2018; Chee et al., 2005a,b; He et al., 2007; Lacape et al., 2010; Song et al., 2017; Wang et al., 2016; Yang et al., 2015; Zhai et al., 2016) and intrahirsutum maps Ning et al., 2014; Shang et al., 2015 , Sun et al., 2012 Tan et al., 2014; Tang et al., 2015; Zhang et al., 2012 Zhang et al., , 2017b Zhang et al., 2016) ; QTLs have been identified based on these maps. Restriction fragment length polymorphism (RFLP) markers were used to construct the initial genetic map in cotton (Paterson et al., 2003; Rong et al., 2004; Ulloa et al., 2002 Ulloa et al., , 2005 , followed by simple sequence repeat (SSR) markers Sun et al., 2012; Tan et al., 2014; Tang et al., 2015; Yang et al., 2015; Zhang et al., 2012 Zhang et al., , 2015c and single nucleotide polymorphism (SNP) markers (Diouf et al., 2018; Hulse-Kemp et al., 2015; Li et al., 2016a; Qi et al., 2017; Wang et al., 2015a,b; Zhang et al., 2016 Zhang et al., , 2017b . A QTL is a chromosome region that might cumulatively contribute to phenotypic variation; each QTL has a varying degree of efficacy for a specific trait (Paterson et al., 2003; Rong et al., 2004; Shen et al., 2005 Shen et al., , 2007 Zhang et al., 2012; Tan et al., 2014; Wang et al., 2015a and Wang et al., 2015b) . QTLs for fibre quality and yield traits have contributed to cotton breeding through markerassisted selection, fine mapping, functional characterization of genes and gene cloning. However, the maps used did not cover the whole genome, and the environments used to assess the phenotypes were insufficient (Diouf et al., 2018; Hulse-Kemp et al., 2015; Jia et al., 2018; Li et al., 2016a; Liu et al., 2017; Qi et al., 2017; Tang et al., 2015; Wang et al., 2015a,b) . Thus, many QTLs for fibre quality and yield traits remain to be identified and characterized across the upland cotton genome. It remains necessary to dissect the genetic basis of traits related to fibre quality and yield by identifying QTLs using a high-density genetic linkage map with coverage of the entire upland cotton genome.
In this study, we developed a population of intraspecific RILs in upland cotton consisting of 196 lines with the parents 0-153 and sGK9708. The fibre quality and yield traits were evaluated across 22 environments. A whole-genome-based high-density genetic linkage map was constructed by integrating five previously reported basic linkage maps generated using SSR (Jamshed et al., 2016; Sun et al., 2012) , SSR and SNP-BSA (bulked segregation analysis) , SNP-specific-locus amplified fragment sequencing (SLAF) and SNP-chip . QTLs for fibre quality and yield traits were identified in 17 of the 22 environments. QTL clusters were also identified to determine the genetic basis of the correlation between fibre quality and fibre yield.
This study demonstrates the integration of various linkage maps with different marker types to construct a high-density genetic map covering the whole genome. This technique could be a powerful complementary strategy to dissect the genetic basis of complex traits and their genetic correlations in cotton. In addition to providing new insights into the genetic basis of the traits related to fibre quality and yield and their relationships, this study also provided information about improving cotton fibre quality and yield simultaneously.
Results

Phenotypic variation and correlation of traits relating to fibre quality and yield
A RIL population developed between the two parents 0-153 and sGK9708 was planted from 2007 to 2015 across 22 environments (Table S1 ). The phenotypic variation ranges of fibre strength (FS), fibre length (FL), micronaire (FM), boll weight (BW), lint percentage (LP) and seed index (SI) for the parents and the RIL population are summarized in Table S2 and Figure 1 . All the traits showed approximately normal distributions with an absolute skewness value of less than one and were characterized by transgressive segregation with respect to parental performance.
The heritability for FS, FL, FM, BW and LP was calculated across 21 environments, excluding 2013Anyang; the heritability for SI was calculated across 20 environments, excluding 2012Zhengzhou and 2013Anyang. The heritability for all traits was more than 50%, except in 2015Shihezi (49.80%) and 2014Alaer (31.20%), which indicates that these six traits had high heritability. The variance analysis and heritability analysis results are shown in Table S3 .
To establish correlations between different traits in the same environment, three categories of correlations were observed among the six traits. In the first category, the trait pairs (FS and FL, FS and SI, FL and SI, FM and BW, and BW and SI) showed significant medium or high positive correlations in most of the environments; in the second category, the trait pairs (FS and FM, FS and LP, FL and FM, FL and LP, and LP and SI) showed significant medium or high negative correlations in most of the environments; and in the third category, the trait pairs (FM and LP, FS and BW, FL and BW, FM and SI, BW and LP) showed no or weak positive or negative correlations in most of the environments (Table S4 , Figure 1 ).
In 2012Zhengzhou, 2014Kuerle and 2015Kuerle, the correlations between the traits differed significantly from those in the other environments. In 2011Anyang, 2011Zhengzhou and 2012Zhengzhou, some traits did not show any significant positive correlations with those in the other environments. These results indicated that these five environments were distorted; thus, the other 17 environments were used for QTL identification (Table S5) .
Genotyping for constructing the genetic linkage map
To ensure the quality of the genetic consensus map, all three types of markers (SSR, SLAF-SNP and chip-SNP) were first filtered. For the SLAF-SNP markers, the processing and the results of filtering the markers are shown in Zhang's reports (Table S6 ). For the chip-SNP markers, 6989 SNPs were shown to be polymorphic between the parents, 4863 were located on the genome of upland cotton, 2734 were genotyped as AA 9 BB with a missing rate of <40%, and 2315 showed nonsignificant segregation distortion with P values of more than 0.001 and could therefore be used to construct the consensus genetic map (Table S6) . For the SSR markers, 398 markers with 458 loci from Sun's and Jamshed's research could be located in the upland cotton genome and used to construct the consensus genetic map; these markers were developed by other organizations (Table S6 ) (Jamshed et al., 2016; Sun et al., 2012) .
Construction of the consensus genetic linkage map
After combining the filtered markers, the consensus genetic linkage map consisted of 8295 markers (458 SSRs, 5521 SLAF-SNPs and 2316 chip-SNPs) and spanned 5197.17 cM, with 2384.94 cM for the A t subgenome and 2812.23 cM for the D t subgenome. The average interval between adjacent markers was 0.88 cM. The gaps (more than 10 cM) in the integrated genetic linkage map were mainly found on D t subgenome chromosomes, with five on chromosome 15 and four on chromosome 26. The largest map gap was found on chromosome 25 (24.36 cM). The segregation distortion of the markers (SDM) (0.001 < P value <0.05) in the integrated linkage map remained at almost the same level as in the component maps. Chromosome 14 (447) and chromosome 25 (249) were the two chromosomes with the highest levels of SDM. The marker density in the genetic and physical maps along the whole genome indicated high coverage, although the markers were unevenly distributed throughout the upland cotton genome, and there were large variations across chromosome regions. For the collinearity analysis, most of the SNP loci on the linkage map were in the same order as those on the corresponding chromosomes of the physical map of the upland cotton genome. These results demonstrated that the current linkage map could provide an effective and reliable tool for QTL mapping (Table 1, Figure 2 ).
QTL identification for fibre quality and yield
Based on the consensus genetic map and the phenotype data across 17 environments, 983 QTLs (548 on A t and 435 on D t ) for fibre quality and yield were identified. Among them, 198 were stable (118 on A t and 80 on D t ) in at least three environments, and 53.53% of stable QTLs were mainly distributed on chromosomes 4, 6, 7, 13, 21 and 25, especially the three-environmentstable QTLs (Tables 2, S7 and S8, Figures S1 and 3).
There were 138 QTLs for FS, 149 for FL, 170 for FM, 211 for BW, 153 for LP and 162 for SI. Among them, 33 (A t was 17 and D t was 16), 35 (A t was 24 and D t was 11), 32 (A t was 20 and D t was 12), 43 (A t was 25 and D t was 18), 28 (A t was 15 and D t was 13) and 27 (A t was 17 and D t was 10) QTLs were stable, respectively. These stable QTLs were distributed on all 26 chromosomes of cotton, mainly on chromosomes 4, 6, 7, 11, 13, 16, 20, 21 and 25 . Detailed information about the confidence intervals, observed phenotypic variance (PV) values and additive effects of each QTL is shown in Tables 2, S7, S8, Figures S1 and 3.
QTL cluster identification
Among the QTLs identified for fibre quality and yield, there were QTLs for different traits that shared the same confidence intervals and were considered to constitute QTL clusters. In this research, 37 QTL clusters were identified (23 on A t and 14 on D t ). All these QTL clusters were distributed on 17 chromosomes (chromosomes 2, 4, 5, 6, 7, 8, 11, 13, 15, 16, 17, 19, 20, 21, 22, 25 and 26) . Six chromosomes (chromosomes 4, 6, 7, 13, 21 and 25) harboured 25 QTL clusters, accounting for 67.6% of the total clusters identified, and could be considered important chromosomes in this study. Among these QTL clusters, there were six QTL clusters that harboured QTLs for FS or FL and BW or LP. The 0-153 allele increased FS and FL but decreased LP or BW in the qClu-chr16-1, qClu-chr20-1, qClu-chr6-2, qClu-chr25-2 and qClu-chr13-2 cluster; it also increased LP but decreased FS in qClu-chr21-3. Detailed information about the QTL clusters and the QTLs in these clusters is shown in Table S9 , Figures S2 and 3 .
Candidate gene identification and annotation
The genes in the confidence intervals related to the six traits were annotated with the Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG) and euKaryotic Orthologous Groups (KOG) databases. The GO term 'nucleus', the KEGG pathway 'Metabolic pathways' and the KOG basket 'Signal transduction mechanisms' were associated with the highest numbers of genes for each trait (Tables S10, S11, S12).
In the confidence intervals of the QTL clusters, there were a total of 1297 candidate genes, 946 of which belonged to A t and 351 to D t of the upland cotton genome (Table S13 ). The qClu-chr11-1 cluster harboured the most candidate genes at 194, while qClu-chr7-3 harboured only one candidate gene. Six QTL clusters (qClu-chr4-1, qClu-chr4-2, qClu-chr4-5, qClu-chr5-2, qClu-chr7-3 and qClu-chr13-2) harboured fewer than ten candidate genes, and nine QTL clusters (qClu-chr7-6, qClu-chr13-3, qClu-chr13-4, qClu-chr15-1, qClu-chr16-1, qClu-chr17-1 qClu-chr20-1, qClu-chr21-3 and qClu-chr25-2) did not harbour any candidate genes because of their small confidence intervals.
To predict the functions of the candidate genes, each was annotated with the Arabidopsis thaliana database and using GO, KEGG and KOG. In the Arabidopsis annotation database, 1165 candidate genes had annotation information (Table S14 ). For GO annotation, the 1122 candidate genes were annotated with 3326 GO terms, and some candidate genes were annotated with more than one GO term. The biological process category included 1997 GO terms; the cellular component category contained 429 GO terms, and the molecular function category held 900 GO terms (Table S15 ). For KEGG annotation, all 1297 candidate genes were annotated with 91 KEGG pathways, with some candidate genes having no KEGG annotation information (Table S15) . For KOG annotation, 861 of the 1122 candidate genes had KOG annotation information. Detailed information on the annotation of the genes is shown in Table S15 and Figure S3 . 
Candidate gene expression patterns
The total number of genes located in the confidence intervals of the 37 QTL clusters was 1297. Among the QTLs in the 37 QTL clusters, there were 20 QTLs for FS, harbouring 763 genes; 18 QTLs for FL, harbouring 580 genes; 11 QTLs for FM, harbouring 433 genes; 15 QTLs for BW, harbouring 307 genes; nine QTLs for LP, harbouring 70 genes; and 13 QTLs for SI, harbouring 255 genes. To select the candidate genes, the RNA-Seq data of all the tissues in TM-1 were analysed (Zhang et al., 2015b) . Overall, 777 of the 1297 candidate genes were expressed in at least one tissue with fragments per kilobase of transcript per million fragments mapped (FPKM) values of no less than 10, and 552 of the candidate genes were expressed in cotton fibres or ovules in Zhang's research (Zhang et al., 2015b) . Examining our RNA-Seq data for cotton fibre development indicated that 495 of the 1297 candidate genes were expressed in at least one developmental period. Combining the RNA-Seq results of our and Zhang's research, we determined that 414 genes were expressed in both data sets and were distributed on 25 QTL clusters on chromosomes 2, 4, 5, 6, 7, 8, 11, 13, 19, 21, 22, 25 and 26. Overall, 246 of the 414 genes (59.42%) were located on six chromosomes (chromosomes 4, 6, 7, 13, 21 and 25). Among the 414 genes, there were 237 for FS, 192 for FL, 150 for FM, 89 for BW, 16 for LP and 167 for SI (Table S16 , Figures S4, S5 and 4 ).
qRT-PCR results
qRT-PCR was performed to determine the expression levels of the four genes located on chromosome 13. The results indicated that there was no expression of the Gh_A13G0392 gene; Gh_A13G0393 was highly expressed at 20 days post-anthesis (DPA), 25 DPA and 30 DPA, and the expression levels in the materials with high fibre quality were slightly higher than those with low fibre quality. The expression levels of Gh_A13G0394 and Gh_A13G0395 were higher in the later stages (20 DPA, 25 DPA and 30 DPA) than in the early stages (5, 10 and 15 DPA) of cotton fibre development (Table S17, Figure 4 ).
The descriptive statistics, quality of sequencing and population structure of the nature population
The descriptive statistics results showed that FS was from 19.10 to 49.9 cN/tex; FL from 23.9 to 37.70 mm; FM from 2.43 to 7.78; BW from 2.22 to 8.73 g; LP from 27.32% to 48.84%; and SI from 7.90 to 18.80 g in the nature population (Table S18, Figure S6 ).
The SNP number was from 93 4736 to 1 628 878; Q30 value from 91.08% to 93.79%; GC percentage from 33.06% to 38.70%; average depth from 7.19 to 29.54; integrity from 36.98% to 47.02%; and coverage from 0.03 to 0.05 in the nature population ( Figure S7 ). For the population structure analysis, the delta K value reached a sharp peak at K = 3. Therefore, this association population was clustered into three subpopulations ( Figure S8 ).
Discussion
Coverage and saturation of the consensus genetic map
Based on the reference genome of upland cotton, the total genetic distance of the genetic map should be between 4500 and 5500 cM without visible gaps (Du et al., 2018; Li et al., 2016a; Paterson et al., 2012; Wang et al., 2012; Zhang et al., 2015b) . In previous studies, several high-density genetic maps were constructed using different markers with different populations; these maps, however, included genetic gaps of more than 20 cM (Diouf et al., 2018; Hulse-Kemp et al., 2015; Jia et al., 2018; Li et al., 2016a; Liu et al., 2015 Liu et al., , 2017 Qi et al., 2017; Tan et al., 2014; Tang et al., 2015; Wang et al., 2015a,b; Zhang et al., 2016 Zhang et al., , 2017a . In this study, we used three types of markers to construct a consensus genetic map that could fill some of the gaps in the previously generated maps. This consensus genetic map covered the whole genome of upland cotton with high saturation and is therefore a valuable tool for QTL and candidate gene identification, functional characterization and pyramiding breeding across the whole genome.
QTL numbers compared with previous reports
Because quantitative traits are influenced by the environment, some QTLs could be identified in several environments, while others could be identified only in specific environments; QTLs that could be identified in multiple environments or generations are considered stable QTLs (Sun et al., 2012) and may be of use for marker-assisted breeding and gene cloning. As cotton fibre quality and yield traits are quantitative traits, they are controlled by multiple loci/genes. In previous studies, no more than 16 stable QTLs were identified within a population for each of the fibre quality or yield traits, that is the maximum of 16 was found for FS, seven for FL, five for FM, 16 for BW, seven for LP and four for SI (Diouf et al., 2018; Hulse-Kemp et al., 2015; Li et al., 2016a; Liu et al., 2017; Qi et al., 2017; Tan et al., 2014 Tan et al., , 2018 Tang et al., 2015; Wang et al., 2015a, b; Yang et al., 2015) . In this study, we used a consensus genetic map with high coverage and saturation and identified more than 25 stable QTLs across 17 environments. Therefore, this study identified the greatest number of stable QTLs for fibre quality and yield. These results could provide more information about the genetic mechanisms underlying cotton fibre development and provide important loci related to the improvement of both cotton fibre quality and yield. 
Congruence with previously reported QTLs
To determine whether the QTLs in our study were novel or had been previously identified, we compared our results with those from the cotton QTL database based on their physical confidence intervals and the reports of previous genome-wide association studies (GWASs). A total of 43 QTLs shared the same or overlapping confidence intervals with QTLs identified in previous studies Lacape et al., 2010; Rong et al., 2007; Said et al., 2013 Said et al., , 2015 . Of these, 22 were in the cotton QTL database, and 25 were identified in previous GWAS (Table S19 ) (Fang et al., 2017b,c; Huang et al., 2017; Ma et al., 2018; Sun et al., 2017; Wang et al., 2017a) . Overall, of the 198 stable QTLs identified in our study, 43 have been identified in previous studies (seven for FS, seven for FL, 11 for FM, four for BW, ten for LP and four for SI.) The others (78.3% of 198) were newly identified (26 for FS, 28 for FL, 21 for FM, 39 for BW, 18 for LP and 23 for SI) and could provide more information about the mechanisms of cotton fibre development and yield formation.
Congruence with previously reported QTL clusters
In previous studies, many QTL clusters were reported and are available in the cotton QTL database Lacape et al., 2010; Rong et al., 2007; Said et al., 2013 Said et al., , 2015 . In this database, all the chromosomes harboured QTL clusters for no fewer than two traits among FS, FL, FM, BW, LP and SI. Among the 37 QTL clusters identified in our study, there were six QTL clusters (qClu-chr6-2, qClu-chr7-1, qClu-chr13-1, qClu-chr13-2, qClu-chr17-1 and qClu-chr19-1) that shared the same or overlapping confidence intervals with those in the database; the other 31 clusters were newly identified in our research.
Three markers, Marker8331, Marker8332 and Marker8333 related to qClu-chr13-2, were selected to genotype a natural population with 278 breeding parents (Table S18 and Figure S6 ). For all three markers, the phenotypes of the materials with markers and without markers showed significant differences, with P values <0.05. The FS increased from 9.77 to 10.61 cN/tex, and the FL increased from 6.40 to 4.21 mm with the markers. However, the BW decreased from 2.19 to 2.70 g, and the LP decreased from 3.17% to 4.20% with the markers (Table S20, Figure 5 ). These results could provide information about the mechanism underlying the negative correlation between yield traits and fibre quality traits and act as a reference for improving the yield and fibre quality of cotton.
QTL clusters and genetic correlation between fibre quality and fibre yield
Some previous studies in cotton have addressed the correlation between traits and QTL clusters but did not combine these results for further analysis (Diouf et al., 2018; Li et al., 2016a; Liu et al., 2017; Tan et al., 2018) . In these studies, the number of QTL clusters ranged from 2 to 18, and the paired-trait QTL clusters ranged from 2 to 27 (Table S21 ). Through detailed analysis of these results, we found that when paired traits had a medium or high significant positive correlation, the QTL additive effect directions for these two traits were the same (positive or negative) in most QTL clusters (Diouf et al., 2018; Liu et al., 2017; Tan et al., 2018) (Table S21) ; when paired traits had a medium or high significant negative correlation, the QTL additive effect directions for these two traits were opposite (positive and negative) in most of the QTL clusters ; and when paired traits had no or only a weakly significant correlation, the QTL additive effect directions for these two traits were sometimes the same and sometimes opposite Tan et al., 2018) .
In our research, a total of 59 paired-trait QTL clusters were identified for the fibre yield and quality traits; 28 (47.5%) showed the same QTL additive effect direction (positive or negative), and 31 (52.5%) showed the opposite QTL additive effect directions (positive and negative).
Five paired traits (FS and FL, FS and SI, FL and SI, FM and BW, and BW and SI) showed significant medium or high positive correlations in most environments; 27 paired-trait QTL clusters were identified for these traits (Tables S3, S8 , Figures S2 and 3) . Except for two of the paired-trait QTL clusters between FM and BW and SI and BW, the other 25 paired-trait QTL clusters (92.8%) showed the same QTL additive effect directions (positive or negative), especially the 14 QTL clusters identified between FS and FL.
Five paired traits (FS and FM, FS and LP, FL and FM, FL and LP, and LP and SI) showed significant medium or high negative correlations in most environments, and 16 paired-trait QTL clusters were identified for these traits (Tables S3, S8 , Figures  S2 and 3) , all of which (100%) showed opposite QTL additive effect directions (positive and negative).
Five paired traits (FM and LP, FS and BW, FL and BW, FM and SI, and BW and LP) showed no or weak positive or negative correlations in most environments, and 16 paired-trait QTL clusters were identified for these traits (Tables S3, S8 , Figures S2, 3) , 13 of which (81.2%) showed opposite QTL additive effect directions (positive and negative). Seventeen paired-trait QTL clusters were identified for BW with FS, FM, SI and LP, nine of which (53%) showed the same QTL additive effect direction, and eight of which (47%) showed opposite additive effect directions.
Overall, the QTL clusters for cotton fibre quality and yield throughout the genome showed that paired traits with significant medium or high positive correlations always had the same QTL additive effect direction, indicating that it could be easy to simultaneously improve these traits. However, the paired traits with significant medium or high negative correlations always had opposite QTL additive effect directions, indicating that it could be difficult to simultaneously improve these traits. The paired traits with no or weak positive or negative correlations had either the same or opposite QTL additive effect directions, indicating that the positive and negative additive effects of QTLs in different clusters might have a mutually neutralizing effect with respect to these traits.
These conclusions indicated that genes and QTLs in clusters might be closely linked (Cai and Morishima, 2002; Durand et al., 2012; Gu et al., 2015; Ku et al., 2015; Li et al., 2015b; Reddy Vikram et al., 2015; Zhao et al., 2016) or have pleiotropic effects (Li et al., 2016c; Xie et al., 2018; You et al., 2019; Yuan et al., 2018; Zhao et al., 2018) in the same genomic region, which provides an explanation for the significant phenotypic correlations between related traits and linkage drag. However, as in previous reports, especially in breeding populations, the negative genetic correlations between traits could be broken to a certain degree (Cai and Morishima, 2002; Durand et al., 2012; Gu et al., 2015; Ku et al., 2015; Li et al., 2015b; Reddy et al., 2013; Vikram et al., 2015; Zhao et al., 2016) . This result suggests that genetic linkage may be the main genetic basis of trait correlation. To break the negative correlations between fibre quality traits and yield traits, the six QTL clusters (qClu-chr16-1, qClu-chr20-1, qClu-chr6-2, qClu-chr25-2, qClu-chr13-2 and qClu-chr21-3) should be considered for fine mapping of QTLs for FS, FL and LP. Techniques such as further separation of the confidence intervals of QTL clusters via secondary separation populations (Cao et al., 2015; Fang et al., 2017a,b,c; Liu et al., 2016; Xu et al., 2017) , mutation with ethyl methanesulfonate (EMS) and radiation to change genes related to traits (Naoumkina 
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Gh_A13G0393 Gh_A13G0394 Gh_A13G0395 Lint Percentage (%) Patel et al., 2014) and the use of clustered regularly interspaced short palindromic repeats (CRISPR) technology to edit genes related to traits Janga et al., 2017; Wang et al., 2017b Wang et al., , 2018 could be used to improve fibre quality and yield.
Important candidate genes in QTL clusters
To explore the mechanism of the negative correlation between fibre quality and yield from the standpoint of candidate genes, all the genes located in the six QTL clusters (qClu-chr16-1, qClu-chr20-1, qClu-chr6-2, qClu-chr25-2, qClu-chr13-2 and qClu-chr21-3) were analysed. Among the six QTL clusters, only two (qClu-chr6-2 and qClu-chr13-2) harboured genes. In qClu-chr6-2, 14 of the 49 genes were expressed in both our and Zhang's transcript data. In the qClu-chr6-2 GO analysis, Gh_A06G0506 was related to 'plant-type cell wall'; Gh_A06G0543 and Gh_A06G0515 were related to 'Golgi'; Gh_A06G0545 was related to 'cytoskeleton'; and 'Gh_A06G0551' was related to 'auxin'. Gh_A06G0543, Gh_A06G0545 and Gh_A06G0551 were expressed in both ovules and cotton fibre and may be related to both fibre quality and yield traits; Gh_A06G0506 was expressed only at 5 DPA during cotton fibre development and may be related to FL; Gh_A06G0515 was expressed only in ovules and may be related to yield traits. In qClu-chr13-2, three of the four genes were expressed in both our and Zhang's transcript data. The qRT-PCR analysis results also showed that these three genes were highly expressed at 20, 25 and 30 DPA during cotton fibre development.
Based on the numbers and annotation information of the candidate genes in the QTL clusters, the genes located in QTL clusters qClu-chr7-2, qClu-chr25-4, qClu-chr11-1 and qClu-chr5-1 were also examined. Of these, five genes have been previously reported in cotton research; Gh_A07G1524 belongs to the WRKY family and is related to the development of fibres, anthers and other tissues and is also reportedly involved in stress response (Cai et al., 2014; Dou et al., 2014) ; Gh_D06G0864 is a plant LKR/SDH locus that can encode three related but distinct enzymes associated with Lys catabolism and could finely regulate Lys catabolism during plant development (Tang et al., 2002) ; Gh_D06G0865 is related to pectin degradation and cotton fibre development (Li et al., 2016b; Liu et al., 2013) ; Gh_A11G0147 and Gh_A05G2095 are related to the NAC family and are associated with plant development and especially cotton fibre development (Meng et al., 2007; Meng et al., 2007 , Shang et al., 2013 .
Based on the annotation information, Gh_A07G1480, Gh_A07G1602 and Gh_A05G2107 were related to 'Starch and sucrose metabolism' in KEGG; Gh_A07G1590, Gh_A07G1535, Gh_A11G0125, Gh_A11G0232, Gh_A11G0223, Gh_A11G0165, Gh_A05G2107 and Gh_A05G2088 were directly related to the cell wall, such as 'cell wall' and 'plant-type cell wall' in GO and 'Cell wall/membrane/envelope biogenesis' in KOG.
Based on the expression information, Gh_A07G1602, Gh_A07G1590, Gh_A07G1535 and Gh_A11G0223 were expressed at 5 DPA and/or 10 DPA during cotton fibre development and may be related to FL; Gh_A05G2107 was expressed at 15 DPA during cotton fibre development and may be related to FS; Gh_A07G1480, Gh_A11G0125 and Gh_A05G2088 were expressed in both the ovule and fibre and may be related to both fibre quality traits and yield traits; and Gh_A11G0232 and Gh_A11G0165 were expressed only in ovules and may be related to yield traits.
In total, there were 23 promising genes (six from qClu-chr6-2, five from qClu-chr7-2, five from qClu-chr25-4, three from qClu-chr11-1 and two each from qClu-chr5-1 and qClu-chr13-2). To determine whether these genes may contribute to the improvement of cotton fibre quality and yield, further studies will need to be completed in the future (Figures S4, S5 and 4) .
Experimental procedures
Development and phenotypic evaluation of the mapping population A RIL population derived from two upland cotton cultivars, 0-153 and sGK9708, was evaluated and used throughout this study. Briefly, the cross was made in 2001, and a segregation population consisting of 196F 6:8 RILs was developed as detailed by Sun et al. (2012) . From 2007 to 2015, multi-environmental evaluations were conducted in 22 different ecological locations across two principal cotton planting areas, Xinjiang Uygur Autonomous Region (XUAR) and Yellow River Valley (YRV). In the years 2007-2010 and 2013, this experiment was described in Zhang's report (Zhang et al., 2015b) . In 2011, the population was planted in Anyang and Zhengzhou; in 2012, it was planted in Zhengzhou; in 2014 and 2015, it was planted in Anyang, Alaer, Shihezi and Kuerle. The phenotypic evaluations of the population at each location were conducted in a completely randomized block design of one-row plots with two replicates in the YRV locations. Each row was 5 m long and 0.8 m apart, with 20 plants planted in each row except for 2013Anyang, which had only one replicate. In the XUAR locations, two-narrow-row plots were applied; each row was 3 m long and planted in wide/narrow alternating row spacing of 0.66/0.10 m, with 25 plants in each row. Field management was performed according to the local farming practices.
Three fibre quality traits, FL, FS and FM, and three yield traits, BW, LP and SI, were evaluated for their phenotypic performances throughout the population. Thirty normally opened bolls were sampled from each plot during the harvesting season in September of each testing year to evaluate the phenotypic performances of the aforementioned traits. Briefly, after the seed cotton samples were weighed and ginned, BW, LP and SI were evaluated. The methods of testing the fibre quality traits are described in Sun's and Zhang's reports (Sun et al., 2012; Zhang et al., 2016) . One-way ANOVA was used to test the significance of the differences in the traits between the two parents. The descriptive statistics were calculated with SPSS 20.0 software (SPSS, Chicago, IL), and the variance and heritability were analysed with IciMapping software Meng et al., 2015) .
Development and phenotype data analysis of the nature population
The nature population included 278 breeding materials was planted in Anyang of Henan province in 2016 and 2017. The method of planting, phenotype data collection and descriptive statistics were the same as that in the RIL population.
Correlation analysis of the six phenotype traits
The correlations between the different traits in the same environments and between the same traits in different environments were analysed with SPSS 20.0 software if the P value was more than 0.05, and the two traits had no correlation. When the P value was less than 0.05, if the correlation coefficient was from 0 to 0.3 or from À0.3 to 0, the two traits had a weak positive or negative correlation; if the correlation coefficient was from 0.3 to 0.5 or from À0.5 to À0.3, the two traits had a medium positive or negative correlation; and if the correlation coefficient was from 0.5 to 1 or from À1 to À0.5, the two traits had a high positive or negative correlation.
Marker filtration
The SSR markers (Jamshed et al., 2016; Sun et al., 2012; Zhang et al., 2015c) , the markers developed by SLAF-Seq and markers discovered using the IntlCottonSNPConsor-tium_70k chip were used to generate the consensus genetic map. Before the construction of the consensus genetic map, the markers were filtered. Markers with no position or more than one position on the genome of upland cotton were removed (Li et al., 2015a; Zhang et al., 2015b) , as were markers with unclear genotyping, those with no polymorphism between the parents, those that were heterozygous in at least one parent, those with a missing rate of more than 40% and those that showed segregation distortion with a P value of the chi-square test less than 0.001.
Consensus genetic map construction
All the markers remaining after filtration were initially partitioned into linkage groups and located on the chromosomes following the procedures detailed in Zhang's research and according to the reference genome database developed from TM-1 (Li et al., 2015a; Zhang et al., 2015b) . HighMap software was applied to order the alleles and correct genotyping errors within all chromosomes (w = 3, l = 200, r = 7) (Jansen et al., 2001; Liu et al., 2014; Van Ooijen, 2011) . The method of processing and constructing the consensus map was the same as described in Zhang's research .
The density of markers in the physical map and genetic map was calculated with Perl script with windows of 500 kb and 5 cM, and the picture was drawn by CIRCOS 0.66 (Krzywinski et al., 2009) . The segregation distortion of each marker was analysed by the chi-square test using JoinMap 4.0 software ( Van Ooijen, 2006) . The SDM loci showing significance with P values between 0.001 and 0.05 were maintained to construct the consensus genetic map, and any region on the map with more than three SDM loci was defined as a segregation distortion region (SDR) .
QTL and QTL cluster identification for fibre quality and yield
Windows QTL Cartographer 2.5 (Wang et al., 2001) was applied to map the QTLs using the composite interval mapping method. QTLs identified consistently in at least three environments were considered to be stable (Sun et al., 2012) . A positive additive effect indicates that the favourable allele comes from the parent 0-153, while a negative effect indicates that the favourable allele comes from the parent sGK9708. The parameter of the software and the rules of QTL naming were described in Sun's and Zhang's reports (Sun et al., 2012; Zhang et al., 2016) .
The stable QTLs identified were compared with the Cot-tonQTLdb database (http://www.cottonqtldb.org) to determine whether they were novel or had been published in previous studies Lacape et al., 2010; Rong et al., 2007; Said et al., 2013 Said et al., , 2015 or previous GWAS research (Fang et al., 2017a,b,c; Huang et al., 2017; Ma et al., 2018; Sun et al., 2017; Wang et al., 2017a) . The stable QTLs in the database that shared the same or overlapping confidence intervals as the QTLs found in this study were considered to have been identified in previous studies. Stable QTLs for different traits that shared the same or overlapping confidence intervals were considered to reside in QTL clusters, and the overlapping regions were considered to be the confidence intervals of the QTL clusters.
Candidate gene identification and annotation
The genes located in the confidence intervals of the QTLs and QTL clusters were considered candidate genes. All candidate genes and their corresponding protein sequences were compared with TAIR 10, the Arabidopsis annotation database (https://www.arab idopsis.org/), using BLASTP software. The candidate genes were annotated with GO, KEGG and KOG. The GO annotation information was obtained from the GO databases at http://arc hive.geneontology.org/latest-lite/ and ftp://ftp.ncbi.nlm.nih. gov/gene/DATA/. The BLASTX software was used to compare the sequences of the candidate genes and the sequences in the database. The results with e values of less than e-10 were considered to be significant. The KEGG annotation information was obtained from the KOBAS 3.0 software (Wu et al., 2006; Xie et al., 2011) . The KOG annotation information for the candidate genes was obtained from the KOG database (ftp://ftp.ncbi. nih.gov/pub/COG/KOG). The rules of comparison were the same as those used for the GO analysis.
RNA sample collection and extraction
Four lines were selected for RNA-Seq, including the two parents, 0-153 and sGK9708, and two offspring, 69 307 and 69 362. The 69 307 and 69 362 lines belonged to the RIL population and showed transgressive segregation. The 69 307 had positive transgressive segregation with longer and stronger fibre, while the 69 362 line had negative transgressive segregation with short and weak fibre. All the four lines were selected for quantitative real-time PCR (qRT-PCR) analysis. Sample collection and RNA extraction were performed as described in Zou's research (Zou et al., 2018) .
RNA library preparation, sequencing and quality control
The RNA samples were used to generate sequencing libraries with Illumina TruSeq TM RNA Sample Preparation Kits (Illumina, San Diego, CA) according to the manufacturer's instructions. Transcriptome sequencing was carried out on an Illumina HiSeq 2500 platform that produced 125 base pair (bp) paired-end (PE) raw reads (Berry Genomics Co., Ltd). Raw data (raw reads) in FASTQ format were processed using Trimmomatic software (Bolger et al., 2014) . In this step, clean data were obtained as follows: first, reads with ≥10% unidentified nucleotides (N) were removed; second, reads with >50% bases having Phred quality <5 were removed; and third, reads with >10 nt aligned to the adapter were removed. Reads with 0 nt aligned to the adapter were also removed to eliminate putative PCR duplicates generated by PCR amplification in the library construction process (read 1 and read 2 of two PE reads that were completely identical). All downstream analyses were based on clean data.
Read mapping and expression level analysis
First, the RNA-Seq data from Zhang's research were downloaded from the National Center for Biotechnology Information (NCBI) database in SRA format (PRJNA248163) (Zhang et al., 2015b) . The processes of transforming the SRA format into FASTQ format, mapping of reads to the upland cotton genome, calculating Genetic-basis of cotton fiber quality and yield 249 FPKM values and generating heatmaps are detailed in Zou's research (Zou et al., 2018) .
qRT-PCR verification
The RNA samples of ten materials from 5, 10, 15, 20, 25 and 30 DPA during cotton fibre development were used to conduct qRT-PCR. The primers of the four genes were designed on the qPrimerDB website (https://biodb.swu.edu.cn/qprimerdb/browse_ plants). The procedure was according to Zou and Zhang (Zhang et al., 2019; Zou et al., 2018) .
Genotyping and population structure analysis for the nature population SLAF sequence was used to develop SNP markers for the nature population with the two enzymes of HaeIII and SspI. The sequencing was done with the Illumina HiSeq Xten sequencing platform (Illumina, San Diego, CA), paired-end 150 bp. The steps to trim the row data were detailed in Su's research (Su et al., 2016) . The strategies of analysing the SLAF-Seq data and population structure were the same as that it in Fang's research (Fang et al., 2017b) . The original data have been uploaded to NCBI SRA database (PRJNA542946).
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